We report here the development and rescue of the truncated hindbrain of retinoid-deprived quail embryos. The embryo is completely rescued by an injection of retinol into the egg; this con®rms retinol, or a related retinoid, as a required molecule in hindbrain development. Staging the retinoid replacement enabled us to determine that the 3±4 somite stage is the period when retinoids are required for normal development. Analysis of the development of the retinoid-deprived hindbrain phenotype through somitogenesis has revealed a pathway of retinoid action in early hindbrain regionalisation. The hindbrain of the retinoid-deprived embryo is normal in size, during early somitogenesis, but has a respeci®ed pattern of Krox-20 expression. From the earliest expression of Krox-20, at the 5 somite stage, the rhombomere 3 stripe ®lls the caudal third of the developing hindbrain to the level of the ®rst somite. Morphologically only 2, instead of the normal 5, rhombomere bulges form. These 2 bulges express genes and, later, develop morphology characteristic of rhombomeres 1 and 2 and rhombomere 3. Posterior hindbrain speci®c genes, Hoxb-1, Fgf3, MafB, and the rhombomere 5 stripe of Krox-20 are never expressed in the head neuroepithelium of these embryos. From the initial formation of the neural plate, there is no evidence of rhombomere 4±7 speci®c characteristics. These results indicate the speci®cation of the posterior hindbrain is lost and its cells participate in the formation of an enlarged anterior hindbrain. In our previous study, we reported the absence of the posterior hindbrain in retinoid-deprived quails (Maden, M., Gale, E., Kostetskii, I., Zile, M., 1996. Vitamin A-de®cient quail embryos have half a hindbrain and other neural defects. Curr. Biol. 6, 417±426). Here, we show this phenotype to be the result of respeci®cation of the hindbrain cells. This provides evidence for a region speci®c response to a single stimulus, retinol, which suggests a pre-rhombomeric regionalisation of the hindbrain. q
Introduction
The requirement for retinoids in the development of the central nervous system (CNS) has long been indicated by exogenous retinoid studies (for review, see Maden, 1998) . This idea has more recently been supported by data from the creation of retinoid de®ciency through diet (MacGregor et al., 1992; Maden et al., 1996; Dickman et al., 1997; White et al., 1998) or mutations of the retinoid receptors (Lohnes et al., 1994; Blumberg et al., 1997; Kolm et al., 1997; van der Wees et al., 1998) . More speci®cally, the hindbrain of the quail or rat (White et al., 1998) does not develop normally in the absence of retinoids. Previously, we described the phenotype of the vitamin A-de®cient (A-de®-cient) quail at Hamburger and Hamilton (1951) stage 18 (st.18) which includes the loss of the posterior hindbrain . At this late stage of A-de®cient hindbrain development, all identifying characteristics of the posterior hindbrain segments, rhombomeres 4, 5, 6 and 7 (r4±7), are absent. This includes segment speci®c gene expression and morphology. Many studies have reported changes in gene expression and in other characteristics of individual rhombomeres in response to excess retinoic acid (RA), the biologically active retinoid (Sive et al., 1990; Holder and Hill, 1991; Papalopulu et al., 1991; Marshall et al., 1992; Hill et al., 1995; Leonard et al., 1995; Nittenberg et al., 1997) . Additionally, RA exposure during very early brain development results in the loss of a region of the hindbrain (Conlon and Rossant, 1992; Wood et al., 1994) . Early excess RA results in the loss of r1-3 and diminished access to RA results in the loss of r4-7 (Conlon and Rossant, 1992; Wood et al., 1994; Maden et al., 1996; Blumberg et al., 1997) .
The spatial and temporal nature of retinoid in¯uence on gene expression depends on a large number of parameters. Local availability of RA may be controlled by the presence www.elsevier.com/locate/modo of enzymes necessary for RA production as well as intra or intercellular carrier proteins (Sporn et al., 1994; Niederreither et al., 1997; Duester, 1996 Duester, , 1998 Gould et al., 1998; Maden et al., 1998) . In vivo and in vitro work has demonstrated retinoid responsive transcription of a variety of genes (Bouillet et al., 1995) . RA can regulate gene expression either directly or indirectly. The direct pathway is through receptor/RA complexes which bind to gene control regions (for reviews, see Kastner et al., 1994; Mangelsdorf et al., 1994; Munucci and Ozato, 1995; Chambon, 1996) . There are two families of receptors, RARs and RXRs, each having three members which in turn have different splicing variations. The receptors must form dimers to act on gene transcription and the components of the dimer may determine the promoter or enhancer sequence to which they can bind (Mangelsdorf et al., 1991) . The speci®c genes regulated by RA in any given cell may be determined by which members of the two families of receptors are also present in the cell (Chambon, 1996) . The indirect pathway is via regulating transcription factors which in turn regulate the expression of developmentally important genes, for example the Hox genes which are involved in hindbrain segment speci®cation (Simeone et al., 1990; Marshall et al., 1994; Studer et al., 1994; Mavilio et al., 1988) . The diversity of players involved in retinoid effects may go a long way toward explaining the multiple periods and regions of RA sensitivity and variety of types of responsiveness in the developing nervous system.
The classical hypothesis of neural axial speci®cation suggests that the early neural plate is regionalised by induction factors. There has been relatively little study of the early development of the posterior hindbrain. In contrast, extensive analysis of the neighbouring region, the midbrain/ anterior hindbrain, has provided a great deal of data revealing interaction of a number of genes in regional speci®ca-tion. The partial deletion of the A-de®cient hindbrain could be the result of RA involvement in two different developmental processes: (1) speci®cation and/or maintenance of four individual rhombomeres, (2) specifying the posterior hindbrain region prior to segmentation, making the loss of the subsequent segmentation a consequence of a redirected developmental cascade. To test these two possibilities, we have focused on the developmental behaviour of the cells of the A-de®cient hindbrain: the expression of the earliest posterior hindbrain speci®c genes and the axial position of prospective hindbrain cells. From the earliest stage of hindbrain formation in the A-de®cient embryo, we found no posterior hindbrain characteristics in cells within the region which would normally become the posterior hindbrain. Instead the cells of the hindbrain participate in an anterior hindbrain fate. Our data identi®es a retinoid-dependent early regionalisation of the hindbrain and a plasticity of cell fate in the hindbrain during the 0±5 somite stages.
A great advantage of working with the A-de®cient system lies in the ability to study the temporal aspect of the retinoid requirement by adding back retinoids at speci®c moments of development. In the work we are presenting here, we exploited that advantage to show that a single retinol injection will rescue all aspects of the de®cient phenotype and that it can be administered as late as the 5 somite stage (ss).
Results

Rescue of the A-de®cient embryo's morphology and gene expression
The absence of retinoids in the eggs from quails fed on a vitamin A-de®cient diet has been shown by HPLC analysis of A-de®cient embryos and eggs (Dersch and Zile, 1993; Dong and Zile, 1995) . Therefore, abnormalities seen in the A-de®cient embryos are likely to have resulted from retinoid de®ciency. To further explore this causal relationship and to investigate timing of retinoid action, we replaced the missing retinoids with a single injection of all-trans retinol (atROH) and were able to rescue the A-de®cient phenotype comprehensively (Fig. 1) .
All abnormalities of the A-de®cient phenotype described in our previous work were completely rescued. The normality of the rescued embryos was veri®ed in the following ways: morphology, embryo survival, the presence of rhombomere boundaries and cranial ganglia (Fig. 1A) , cranial motor nuclei organisation (Fig. 1B) , gene expression (Fig. 1C) , and cartilaginous head skeleton (Fig. 1D ). After rescue, the formerly A-de®cient embryo developed the normal six rhombomere boundaries in the hindbrain, survived for at least 8 days of incubation and was morphologically indistinguishable from, if often smaller than, the normal embryo. Head dissection (Fig. 1A) and retrograde labelling of the cranial nerve roots (Fig. 1B ) of 3-day rescued A-de®cient embryos showed normal location and arrangement of the cranial sensory ganglia and cranial motor nuclei and their extensions including the VIIth, IXth, and Xth nerves which are absent in the A-de®cient hindbrain (Fig. 1A) . Head dissection of the A-de®cient embryo exposed a morphologically normal trigeminal ganglia but no evidence of the facial, glossopharyngeal, and vagal nerves (Fig. 1A) . A few A-de®cient embryos had a small deformed nerve root posterior to the retinoid-deprived (*)r3 border ( Fig. 1A ) which we previously believed was the VIIth cranial ganglia because of its HNK-1 expression . Subsequent analysis by retrograde labelling of this root showed a completely chaotic arrangement of neurons in the neuroepithelium. The peripheral morphology of this deformed root, also, revealed none of the characteristic aspects of cranial nerves. In situ hybridisation of rescued A-de®cient embryos for Krox-20, Hoxb-1, and MafB showed normal expression patterns for all stages after st.11 (Fig. 1C) . Whole mounts of 7-day rescued Ade®cient embryos stained with Alcian blue revealed a normal cartilage skeleton (Fig. 1D) . The rescued A-de®cient skeleton includes the epibranchials, ceratobranchials, basihyoid, columella, and retroarticular process elements derived from cells of the second and third branchial arch (Kontges and Lumsden, 1996) . These formative arches are absent in the unrescued A-de®cient embryo at the stage of their death which is prior to cartilage formation.
To ensure that the atROH injection did not have an effect other than to replace the missing retinoids in A-de®cient embryos, 20 normal quails from st.5 to the 8ss were injected with the same atROH solution as the A-de®cient experimental animals. None showed any abnormality of morphology or of gene expression pattern.
Developmental stage of ROH action
The rescue data demonstrated that a pulse of retinol was suf®cient to re-establish completely normal development in the A-de®cient embryo; we next sought to determine the timing of retinoid requirement.
Two methods of injection were used to deliver atROH to the A-de®cient embryo. The ®rst, injection of 2 mg of atROH into the albumin of the egg resulted in minimal disturbance to the developing embryo. Neither the control injections of the carrier alone nor the atROH injections gave rise to a signi®cant number of dead or deformed embryos. Staging of the embryos at the time of injection had to be based on hours of incubation which varied by as much as four somites. Embryos from these injections were not rescued before 12 h (n 8) of incubation nor after 29 h (n 16) (approximately 4-9ss). Injections between 12 and 29 h (n 49) resulted in complete rescue of 50±75% of the embryos depending on stage.
The second method, combining ink with the atROH (0.2 mg) injection under the hypoblast of the windowed egg, allowed exact staging of the embryo at the time of injection. By this method, we know the precise stage at which retinoids were available to rescue any given embryo. In these experiments, 10% of injected embryos were dead or badly deformed whether the injection contained atROH or the carrier alone. This suggests that the procedure of windowing and injection was in itself detrimental and the deformed embryos were excluded from the analysis. The rescue rate was 78% (n 41) before the 2ss and 83% (n 24) at the 2±4ss. At the 5ss, the rescue rate dropped to 57% (n 7) and then to 0% (n 15) at the 6-8ss (Table  1 ). These data reveal that retinoids are required for normal development before the 5ss.
On the basis of evidence to date, there do not seem to be different stages of rescue for gross morphology of rhombomeres, neural crest, and heart development. The possible exception to this is the arches which are sometimes smaller in embryos rescued at the 4±5ss. But rescued animals examined after 4 to 8 days of incubation showed no morphological evidence of incomplete rescue in embryos injected at the 4-5ss.
Initial hindbrain speci®cation of the A-de®cient embryo
Having determined the likely stage of retinoid action, we focused our investigation on A-de®cient hindbrain development at that stage to ascertain which aspects of the normal process of neurulation were altered to give rise to the Ade®cient phenotype.
The A-de®cient embryo only becomes morphologically distinguishable from normal when the rhombomere bulges become visible at the 8±10ss. At this time, the tissue of the hindbrain (r1±7) lies between the midbrain/hindbrain isthmus anteriorly and the ®rst somite posteriorly. This region a Rescues based on hindbrain morphology, examined both before and after ®xation for normal segmentation. normally contains ®ve rhombomeric bulges but in the Ade®cient embryo there are only two large bulges, *r1/2 and *r3, which include (almost) all of the tissue of the hindbrain (Table 2) . The A-de®cient animals are on average slightly smaller than normal, at the 10ss, but the proportions of the axial regions of the neural tube are very similar (Table 2) with the exception of the divisions in the hindbrain. The loss in total length of the A-de®cient hindbrain is less than one rhombomere length when compared directly to the length of the normal hindbrain. Although there are only two rhombomere bulges at this stage, it is clear that little hindbrain tissue has been lost in the A-de®cient embryo. These results suggest that the three rhombomeres of the A-de®cient phenotype derive from the same amount of tissue which normally gives rise to seven rhombomeres. The A-de®cient forebrain and midbrain are of normal size and shape (Table 2 ) at this stage.
In the development of the A-de®cient hindbrain, gene expression is tightly regulated with sharply de®ned expression boundaries but is distinct from normal expression patterns. From their earliest stage of expression, three genes characteristic of the posterior hindbrain, Hoxb-1, Fgf3, and MafB, are absent from that region (Fig. 2) . From 1ss and throughout development , Hoxb-1 is only expressed posterior to the ®rst somite in the A-de®cient embryo ( Fig.2A) . Fgf-3 is initially expressed ectopically in the neural tube posterior to the ®rst somite (Fig. 2B) , is expressed normally in the developing placodes and ®nally is down regulated completely by st.14. The third speci®cally posterior hindbrain gene is MafB, the chick homologue of the mouse kreisler and the zebra®sh valentino (Cordes and Barsh, 1994; Kataoka et al., 1994; Moens et al., 1996) . In normal quail development, it is ®rst expressed at the 3ss in a thin band of cells in the neural plate which will give rise to r5 and r6 (Fig. 2C ). In the Ade®cient embryo at this stage, MafB expression is absent in the prospective hindbrain and ectopically expressed in a small band posterior to the last formed somite (Fig. 2C) . There is never any MafB expression in the neuroepithelium at early stages of A-de®cient hindbrain development. Much later, it is expressed in the roof plate and in the forming mesonephros (data not shown) as in normal embryos (Eichmann et al., 1997) .
Expression of Krox-20 has been implicated in the main- tenance of r3 and r5 (Schneider-Maunoury et al., 1997) and is often used as a gene marker for those rhombomeres. In the A-de®cient embryo, there is only one broad band of Krox-20 expression (Fig. 3) . This band ®rst appears at the 5ss as does the Krox-20 r3 band in normal embryos (Fig. 3A) but in the A-de®cient embryo the *r3 band is unusually broad from its ®rst expression and in a more posterior position with respect to the forming somites. Normal Krox-20 expression in r5 appears as a thin band at the 8ss but no second band of Krox-20 is ever seen in the A-de®cient embryo (Fig. 3B) . The broad *r3 band ®lls the posterior third of the A-de®cient hindbrain (Fig. 3C ) and is expressed in the region immediately anterior to the ®rst somite in A-de®cient embryos (Fig.  3C ) until Krox-20 expression is down regulated after st.13.
Respeci®cation of the A-de®cient hindbrain
We followed cells of a given position in the pre-rhombomeric hindbrain, using a permanent lipophilic dye (DiI), to identify their later rhombomere location and gene expression. We labelled equivalent populations of st.7 cells in the normal and A-de®cient embryos. The ®rst somitic cleft forms at st.7 before any divisions are seen in the neural plate. By DiI microinjection, we labelled a small population of neural plate cells either at the level of this cleft or one somite's width anterior to it (as measured by graticule) (Fig.  4A) . After further incubation to st.10±13, the rhombomeric position of these labelled cells was recorded.
In the normal embryo, cells from the level of the cleft exclusively populated r7 (n 4) while the cells in the more anterior population appeared in either r3, r4 or on the r3/4 border (n 4) (Fig. 4B) . This suggests that the cells which will populate the rhombomeres are already positionally arranged in the neural plate at st.7.
In the A-de®cient embryo, the cells from the normal axial level of the r7 progenitors populated the middle of *r3 (n 4) while those from the more anterior axial level populated the posterior half of *r2 (n 4) (Fig. 4) .
We also labelled cells at this anterior level in two embryos which were treated with atROH to rescue the Ade®cient phenotype. After further incubation to st.13, these labelled cells were present in r3 of a rescued hindbrain with normal rhombomeric divisions.
Comparison of normal and A-de®cient hindbrains at st.10 shows that cells labelled at equivalent positions at st.7 are at the same axial levels after 12 h of development. This occurred despite the fact that the cells at the same axial level in the normal and A-de®cient hindbrains inhabit distinct rhombomeres and express different genes. For example, a group of cells, which in the normal embryo would populate r3 and express Krox-20, will populate *r2 and not express Krox-20 in the A-de®cient embryo (Fig. 4) . Theoretically, the change in gene expression seen in the A-de®cient embryos could result from unusual cell movement or expansion by which anterior hindbrain cells come to populate the posterior hindbrain but we found no evidence of cell migration during this period of neural plate development. These results indicate a respeci®cation of the cells of the A-de®-cient hindbrain.
Gene expression in the A-de®cient midbrain/anterior hindbrain
To look at gene markers for more anterior regions of the brain, we analysed the developmental expression pattern of two genes, Fgf8 and Pax2, which are putative regulators of midbrain/anterior hindbrain development (Crossley and Martin, 1995; Rowitch and McMahon, 1995; Song et al., 1996) . Fgf8 is expressed in the same pattern of expression in A-de®cient as in normal embryos (Fig. 5 ) at all stages of development. The early expression of Pax2, at the 5ss, marks a region of cells which will contribute to the midbrain and r1. In the A-de®cient embryo, the anterior boundary of expression of Pax2 is at the normal axial level while the posterior boundary extends further into the hindbrain than in the normal (Fig. 6 ). This extended posterior expression is consistent with the larger size of *r1. Pax2, in the A-de®-cient embryo, continues this expression pattern throughout development.
Discussion
Replacement of the missing endogenous retinoids
The ability to rescue the A-de®cient embryos by retinoid injection at precise stages has two bene®ts. It both con®rms retinoids as required for normal development of the posterior hindbrain and indicates the period of hindbrain regional speci®cation. We suggest the crucial time of retinoid requirement is around the 4ss (Table 1 ), the latest stage at which A-de®cient embryos can be rescued consistently. It is interesting to note that the A-de®cient embryo can be rescued completely at the 4ss despite the fact that Hoxb-1, MafB and Fgf3 are not expressed in the 4ss A-de®cient hindbrain as they would be normally. It is reasonable to suggest that retinol provided by rescue injections would be stored until it was required. Therefore, the earliest injections may not indicate the stage when retinoids are required in normal development. In contrast, if retinoids were required at much earlier stages than the stage of the rescue injection, it is hard to imagine how the resulting loss of pivotal retinoid-dependent events at an earlier stage could subsequently be repaired by the availability of retinoids at a later time.
The stage of regional speci®cation of the hindbrain is indicated by the rescue data presented here and supported by work done in other laboratories examining the timing of axial speci®cation. Results from fate mapping of the cells of the chick epiblast are also consistent with early somitogenesis as the stage of regional hindbrain speci®cation. During this period the posterior hindbrain progenitor cells become a positionally de®ned population (Schoenwolf, 1992 ) which appears to express Hox genes in a clonally transmitted manner (Deschamps and Wijgerde, 1993) . Earlier, the progeny of any given cell may give rise to cells contributing to many brain regions (Schoenwolf and Sheard, 1990) .
Respeci®cation of the A-de®cient hindbrain
There is no evidence for the existence of the posterior hindbrain in the developing neuroepithelium of the A-de®-cient embryo from the earliest stages of hindbrain speci®ca-tion. Three of the genes expressed during early somitogenesis which are speci®c to the posterior hindbrain, Hoxb-1, MafB, and Fgf3 (Sundin et al., 1990; Mahmood et al., 1995b; Eichmann et al., 1997) are never detected in the region of cells which would normally gives rise to the posterior hindbrain (Fig. 2) . The r5 stripe of Krox-20 which has been implicated in the maintenance of r5 (McCaffery et al., 1993; Schneider-Maunoury et al., 1997) is also absent in the A-de®cient hindbrain (Fig. 3) . The apparent deletion of the posterior hindbrain fate is con®rmed later in development by gene expression (Fig.  7) and by the juxtaposition of the posterior boundary of *r3 and the ®rst somite . Throughout the development of the A-de®cient embryo which ends with its death after 3 days of development, there are no morphological characteristics of the posterior hindbrain: the rhombomere borders posterior to r3, the facial and glossopharyngeal ganglia, and branchial arches 2 and 3 . Surprisingly, the A-de®cient hindbrain is close to normal length until the 11ss despite a small region of cell death in the hindbrain at the 8ss (Maden et al., 1997) . Measurements indicate that A-de®cient hindbrain length has not decreased by more than the length of 1 rhombomere (Table 2) although the absence of gene markers speci®c for r4, r5, and r6 indicate the loss of at least 3 rhombomeres. Therefore, we suggest that the absence of the posterior hindbrain is not the result of a loss of tissue in the A-de®cient embryos but instead a loss of the speci®cation of the posterior hindbrain fate. This is further supported by the participation of the posterior hindbrain progenitor cells (as identi®ed by axial position) in the A-de®cient anterior hindbrain fate (Fig. 4) .
In the A-de®cient embryos, all the cells of the hindbrain are consolidated into the anterior hindbrain; early gene expression and subsequent development suggest that this region is speci®ed correctly. The A-de®cient anterior hindbrain, which at st.7 is twice as large as normal, segments into three areas of roughly normal proportions. These segments go on to develop characteristics appropriate to Fig. 7 . Schematic comparison of normal and A-de®cient quail neuroepithelium at st.10 and at st.17, highlighting the absence of genetic and morphological characteristics of the posterior hindbrain in the A-de®cient embryo. ov, otic vesicle; V, VII, IX, and X, ®fth, seventh, ninth and tenth cranial nerve roots. rhombomeres 1, 2, and 3. The speci®c rhombomeric fate of the hindbrain cells is demonstrated by cell labelling of the early A-de®cient neural plate. Cells that in the normal embryo would form r3/4 or r6/7 contribute to *r2 or *r3 respectively. Expression of a number of regionally speci®c genes also indicate speci®cation of an anterior hindbrain fate. Particularly telling is the earliest expression of Krox-20 in the A-de®cient embryo which points to an r3 fate for the cells of the caudal third of the A-de®cient hindbrain. Therefore, the hindbrain cells acquire and sustain distinct developmental pathways from expected given their axial position. This includes, not only respeci®cation of cells which would normally give rise to the absent posterior hindbrain but also of cells normally fated to contribute to the anterior hindbrain rhombomeres. For example, the cells in the A-de®cient hindbrain which are in a normal axial position to contribute to r3 do not express Krox-20 but instead go on to acquire r2 characteristics (Fig. 4) . The A-de®cient phenotype demonstrates a co-ordinated response to the absence of retinoids from all cells of the hindbrain (Fig. 7) .
There are two alternative suggestions to cell respeci®ca-tion which might account for the A-de®cient phenotype: (1) localised cell death of posterior hindbrain cells; (2) replacement of posterior hindbrain cells by anterior hindbrain cells through expansion or migration. Data to address these alternatives are provided from analysis of A-de®cient development. TUNNEL labelling shows little cell death in the neural epithelium until the 8ss (Maden et al., 1997) by which stage the Krox-20 expression indicates the hindbrain cells have already been speci®ed to an exclusively anterior hindbrain fate. Given that early somitogenesis is the period of hindbrain cell speci®cation, st.7 DiI labelling argues against extensive cell migration (Fig. 4) .
The anterior and posterior hindbrain as distinct early developmental units
There is increasing developmental data to suggest that during early development the anterior and posterior hindbrain are distinct units. Recent transplant and gene mutation work analysing the speci®cation of the midbrain has indicated that the midbrain/anterior hindbrain region, distinct from the posterior hindbrain, share a common organiser region: the midbrain/hindbrain isthmus (Alvarado-Mallart, 1993; Joyner, 1996) . This is highlighted in mice homozygous for a loss-of function allele of Gbx-2 (Wassarman et al., 1997) . They have no midbrain/hindbrain isthmus nor an anterior hindbrain (r1±3) while the posterior hindbrain develops normally. Uniquely, this joined region normally gives rise to the cerebellum of the adult brain . It has also been shown that signals which induce midbrain/anterior hindbrain region speci®c markers do not act at the level of the posterior hindbrain (Bally-Cuif and Wassef, 1995; Crossley et al., 1996) although transplants of posterior hindbrain tissue into the isthmus region can induce En-2 in the alar plate of the transplanted rhombomeres (Martinez et al., 1995) . Additionally, the posterior hindbrain does not have similar inducing ability as the midbrain/anterior hindbrain (Darnell and Schoenwolf, 1997) . Consistent with the work listed above, our results demonstrate that the midbrain and anterior hindbrain can develop normally in the absence of posterior hindbrain inducing signals and in fact in absence of the posterior hindbrain.
From an evolutionary point of view, these regions have retained distinct characteristics over time. Comparative developmental gene expression among chordates have identi®ed regionalisation in early brain development of the invertebrate relatives of the vertebrates. In vertebrates, these three regions correspond to the forebrain/anterior midbrain, posterior midbrain/anterior hindbrain and posterior hindbrain (from r4 caudal) (Wada et al., 1998; Kozmik et al., 1999) . Also, within vertebrate evolution there has been more variability in arrangement of characteristics within a region of the hindbrain than between the regions of the hindbrain; a comparison of elasmobranch, teleost, bird and mammal development shows the separation of cranial nerves in the anterior hindbrain from those in the posterior hindbrain has been conserved through evolution even though there is variation in rhombomeric location of individual cranial nerves within each region (Gilland and Baker, 1993) .
Recent work with Xenopus, also, has demonstrated a role for RA in hindbrain regionalisation (Blumberg et al., 1997; Kolm et al., 1997; van der Wees et al., 1998) . However the variations in the results from different laboratories make it dif®cult to con®rm in these animals. Three laboratories have used dominant negative constructs of retinoic acid receptors to create a`retinoid de®cient' phenotype (Blumberg et al., 1997; Kolm et al., 1997; van der Wees et al., 1998) . Using a RAR a dominant negative, two different laboratories have shown a loss of posterior hindbrain genes while anterior hindbrain gene expression is maintained (Blumberg et al., 1997; Kolm et al., 1997) . Their results differed in the effect of the construct on other areas of the embryo. Kolm et al. (1997) report no effect on gene expression of other regions of the embryo while Blumberg et al. (1997) see expansion in gene expression domains in the forebrain and midbrain/ hindbrain isthmus and down regulation of trunk genes. A third laboratory, using a dominant negative RAR b, saw no effect on the forebrain or midbrain but the hindbrain was malformed with variable expansion of Krox-20 expression (van der Wees et al., 1998) .
It seems clear that retinoids are required in early regionalisation of the hindbrain but do they negatively regulate as well as positively regulate regional identity? At posterior hindbrain axial levels, do they down regulate anterior genes as well as up regulate posterior genes? Collectively, the many studies of RA involvement in hindbrain development suggest they do. Kolm et al. (1997) have demonstrated the combination of positive and negative regulation by exposure of isolated anterior neural ectoderm to RA which down regulates anterior neural gene expression while inducing expression of posterior hindbrain genes. In vivo, the same positive and negative regulatory combination could explain the loss of the anterior hindbrain and expansion of the posterior hindbrain after early RA exposure (Wood et al., 1994) and the restoration of the posterior hindbrain fate in the rescued A-de®cient quails.
Hindbrain regionalisation precedes segmentation
Hox genes and many other segment speci®c genes are involved in the establishment of hindbrain segment identity and in their maintenance. The two earliest expression of these genes, Hoxa-1 and Hoxb-1, have retinoic acid response elements (RARE) and require RA for establishment of their normal expression patterns in the hindbrain. The phenotype of the mouse with double loss of function mutations for Hoxa-1 3 H RARE and Hoxb-1 3 H RARE reveals defects in some aspects of hindbrain segment identities but, initially, displays normal hindbrain segmentation (Gavalas et al., 1998) . While the expression of Hoxa-1 and Hoxb-1 would be affected by retinoid de®ciency, the absence of the posterior hindbrain segmentation in the A-de®cient embryo suggests that the retinoid action involved is upstream of that which regulates expression of these genes. Further distinction between retinoid activity in regionalisation and segment speci®cation is seen in the phenotypes of embryos with loss of function mutations for these segment speci®ca-tion genes: Hoxa-1, Hoxb-1, Hoxa-2, Hoxb-2, Krox-20, valentino (the zebra®sh homologue of chick mafB), and kreisler (the mouse homologue of chick mafB) (GendronMaguire et al., 1993; Swiatek and Gridley, 1993; McKay et al., 1994; Barrow and Cappecchi, 1996; Goddard et al., 1996; McKay et al., 1996; Moens et al., 1996 Moens et al., , 1998 Studer et al., 1996; Schneider-Maunoury et al., 1997; Gavalas et al., 1998) . Analysis of the early development of all these mutants reveal that the territory normally occupied by the affected rhombomere initially develops but does not express region speci®c genes nor go on to develop region speci®c morphology. This is markedly different than the development of the A-de®cient phenotype which not only does not develop the posterior rhombomeres but instead the region in which they might develop is incorporated into the anterior hindbrain development. Therefore, retinoid activity is implicated in both an early speci®cation of the posterior hindbrain region and the later speci®cation of segments in that region.
Materials and methods
Embryos were obtained from Japanese quails (Coturnix coturnix) raised on a normal or vitamin A-de®cient diet as described by Dersch and Zile (1993) at the Michigan State University Poultry Research Farm.
Rescue experiments were carried out by one of two methods: (1) 2 mg all-trans retinol (atROH) in 50 ml of injection solution was injected into the albumin through a small hole made in the end of the egg; (2) a window was made in the shell of an egg incubated on its side and 0.2 mg /15 ml injection solution was injected below the hypoblast of the developing embryo. Control injections of carrier alone were carried out on 30 embryos for each of the two injection techniques. The injection solution was 95:5 Tyrode's salt solution:A-egg extract. The atROH was dissolved in ethanol and concentration veri®ed by spectroscopy. It was then diluted at least 1:1000 in the injection solution to give the ®nal concentration. The embryos were staged either by time of incubation before the injection or by somite counts in the case of the windowed embryos. Precise staging of the windowed embryos was made possible by the inclusion of calligraphy ink in the Tyrode's solution at a 1:9 ratio. The hole in the egg was sealed after injection with tape and the eggs returned to a 378C incubator for varying lengths of time. The embryos were collected and staged according to Hamburger and Hamilton (1951) in PBS then were ®xed and stored in 4% paraformaldehyde for further analysis.
Examination of the gene expression of A-embryos was carried out by whole mount in situ hybridisation as described by Wilkinson (1994) . The probes were generously provided by a number of labs and prepared as previously described: Hoxb-1 , Krox-20 (Wilkinson et al., 1989) , MafB (Kataoka et al., 1994) , Fgf3 (Mahmood et al., 1995b) , and Fgf8 (Mahmood et al., 1995a) .
To follow cell axial position during early somitogenesis, we labelled small populations of cells by injection of CellTracker (Molecular Probes, Eugene, Oregon) (3 mg/ml dimethyl formamide), a DiI which is retained by ®xation. The cells were labelled by microinjection at 1±3 somite stage. The position of the cells at the time of labelling was determined by their relative position to the ®rst somitic cleft. After injection, the embryos were incubated a further twelve hours then ®xed in 4% paraformaldehyde. The ®nal position of the labelled cells was analysed on a¯uorescent microscope and photographed on a Nikon SMZ-U light microscope.
The organisation of the cranial nerves was examined by retrograde DiI labelling in animals incubated for 3±4 days. The nerve roots were revealed by dissection then ®lled with injections of DiI (3 mg/ml DMF) (Molecular Probe, Eugene, OR, USA) and left overnight. The hindbrains were then dissected clean and mounted¯at in glycerol and photographed on a Nikon¯uorescence microscope.
To reveal the cartilaginous elements of the head of the seven day rescued A-embryo, whole heads were stained with alcian blue and cleared with KOH.
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